We apply moderate-high-energy inelastic neutron scattering (INS) measurements to investigate Yb 3+ crystalline electric field (CEF) levels in the triangular spin-liquid candidate YbMgGaO4. Three CEF excitations from the ground-state Kramers doublet are centered at the energies ω = 39, 61, and 97 meV in agreement with the effective spin-1/2 g-factors and experimental heat capacity, but reveal sizable broadening. We argue that this broadening originates from the site mixing between Mg 2+ and Ga 3+ giving rise to a distribution of Yb-O distances and orientations and, thus, of CEF parameters that account for the peculiar energy profile of the CEF excitations. The CEF randomness gives rise to a distribution of the effective spin-1/2 g-factors and explains the unprecedented broadening of low-energy magnetic excitations in the fully polarized ferromagnetic phase of YbMgGaO4, although a distribution of magnetic couplings due to the Mg/Ga disorder may be important as well.
the MERLIN [39] and LET [40] spectrometers at the ISIS pulsed neutron facility, Rutherford Appleton Laboratory, U.K. [41] . Several incident energies E i were used at MERLIN. In the following, we focus on the data obtained with E i = 153.5 meV that provides the best trade-off between the resolution and energy coverage [67] Our YbMgGaO 4 (m Yb = 14.03 g) and LuMgGaO 4 (m Lu = 6.36 g) powder samples for the MERLIN experiment were prepared using solid-state reactions [31] . Single crystals of YbMgGaO 4 for the LET experiment were grown by the floating zone technique [32] .
CEF excitations.-According to the Hund's rules, free Yb 3+ (4f 13 ) ion has the spin angular momentum s = 1/2 and orbital angular momentum L = 3 resulting in the eight-fold-degenerate ground state with the total angular momentum J = 7/2 and Landé g-factor g J = 8/7 for the GS multiplet. In the idealized YbMgGaO 4 structure, Yb
3+
has trigonal local symmetry with the point group D 3d (see Fig. 1(a) ) that splits this multiplet into four Kramers doublets [41] (see Fig. 1(b) ).
Raw INS spectra for both YbMgGaO 4 and its nonmagnetic analog LuMgGaO 4 are shown in panels (a) and (b) of Fig. 2 , respectively. Their comparison reveals three features that are identified as CEF excitations of Yb 3+ based on the following observations: (1) These excitations are absent in the non-magnetic reference compound LuMgGaO 4 ( Fig. 2 (b) ). (2) The lowest-lying excitation at around ∼ 39.4 meV (see Fig. 2 (c)) is consistent with the energy separation ∆ ∼ 36.5(1) meV between the ground-state Kramers doublet and the first excited state, as found in our previous heat capacity measurements [32] . (3) No systematic anharmonic effect is observed, thus excluding phonon origin of the excitations [41, 42] . (4) Q-independent excitation energies (see Fig. 2 (a) ) suggest their single-ion nature. (5) The intensities decrease with Q following the square of the magnetic form factor of the Yb 3+ ion (see Fig. 3 (b)). (6) The lowest excitation at around 39 meV is far above J 0 0.13 meV and, therefore, unrelated to the spin-spin correlations in YbMgGaO 4 . All these facts indicate that three spectral features are single-ion CEF excitations. For an Yb 3+ ion with J = 7/2 in the D 3d symmetry, we indeed expect four CEF doublets and thus three CEF excitations from the ground-state doublet.
A closer inspection of these CEF excitations reveals two unusual features, though. First, all excitations are much broader than the instrumental resolution. For example, at E i = 153.5 meV the total FWHMs (full width at half maximum obtained from the convoluted Lorentzian and Gaussian peak profiles) are 10.1(4) meV ( ω 1 ∼ 39 meV), 10.9(4) meV ( ω 2 ∼ 61 meV), and 12.2(7) meV ( ω 3 ∼ 97 meV), much larger than the instrumental resolutions (Gaussian component) of 6.7, 5.6, and 4.3 meV, respectively. Through convolution calculations, we determine the additional broadening (Lorentzian component) of 5.5, 7.9, and 10.7 meV, respectively. Given the high quality of our sample [41] and the low temperature of the measurement (T = 5 K), we conclude that this broadening is intrinsic.
Another peculiar feature is the shape of the highest CEF excitation that shows the main peak around 97 meV and a shoulder at ∼ 87 meV (see Fig. 2 (d) ). The Q-dependence of the intensity at ∼ 87 meV follows the square of the magnetic form factor of the Yb 3+ ion [41], thus proving the CEF origin of this spectral feature. It contributes about 40% of the overall intensity of the highest-energy excitation and is clearly intrinsic. Further, there are no phonon modes observed between ∼ 70 and 120 meV in LuMgGaO 4 (see Fig. 2(b) ) and hence the ∼ 87 meV shoulder could not be due to CEF-phonon coupling [43] .
Combined CEF fit.-To determine the CEF parameters, we fit energy dependence of the experimental intensity in four fashions (see Fig. 3 (a) and [41] ). Fit #1 is performed against the whole dataset with a three-peaks fit (see Fig. 3 (a)), for fit #2 we excluded the region between 73 and 90 meV, where the additional shoulder is observed, while fit #3 is performed against the whole dataset with a four-peaks fit and uses the additional shoulder energy (∼ 87 meV) as ω 3 , and fit #4 uses the additional mode energy (138.7(3) meV) as ω 3 . All fits share the same measured relative INS intensities, I 2 /I 1 and I 3 /I 1 (see Fig. 3 (b) ), and the same measured effective spin-1/2 g-factors [32] . Through combined fits to these seven observables -ω 1 , ω 2 , ω 3 , I 2 /I 1 , I 3 /I 1 , g ⊥ , and g -we obtain all six CEF parameters, B m n [41], by minimizing the following deviation function,
where X obs i and σ obs i are the experimental value and its standard deviation, respectively, whereas X cal i is the calculated value. Qualitatively similar CEF parameters and wavefunctions are found from fits #1, #2, #3 and #4, as shown in [41] , respectively. Magnetic part of the experimental heat capacity (C m ) is very well reproduced with the first three parameter sets (see Fig. 3 (c) ):
Inherent structural disorder and CEF randomness.-Peculiar shape of the CEF excitations is rooted in subtle details of the YbMgGaO 4 crystal structure. Our single-crystal x-ray diffraction study excludes any global symmetry reduction or a site mixing between Yb and Mg/Ga [41] . On the other hand, Mg and Ga share one crystallographic site, thus forming different local configurations around each Yb 3+ ion. The most obvious effect of this Mg/Ga disorder is the variation of the electrostatic potential imposed on Yb 3+ . We assess it by calculating CEF parameters using the point-charge model [41] and find that, as long as Yb occupies its ideal position at (0,0,0), the random distribution of Mg and Ga gives rise to only a weak broadening of the CEF excitations, ∆( ω 1 ) = 0.27 meV, ∆( ω 2 ) = 0.26 meV, and ∆( ω 3 ) = 0.39 meV, and does not account for our experimental observations. Moreover, all three CEF excitations remain symmetric. A further effect of the Mg/Ga disorder is local charge misbalance that may push Yb out of its ideal position, as reflected by the enhanced values of the Yb atomic displacement parameter, with the thermal ellipsoid elongated along the c-direction [41, 44] . We probed this effect quantitatively by constructing several representative Mg/Ga configurations and optimizing their geometry using density-functional calculations [41] . We indeed observed that exact positions of both Yb and its neighboring oxygens are affected by the local distribution of Mg 2+ and Ga 3+ . The resulting distortions of the YbO 6 octahedra give rise to a pronounced distribution of the CEF parameters and render the highest-lying CEF excitation asymmetric [41] . Both the ∼ 87 meV shoulder and the overall broadening of the CEF excitations can be well reproduced (see Fig. 3 (d) and [41] ). Consequently, the effective spin-1/2 g-factors show a maximum distribution as follows: ∆g ⊥ ∼ 0.3 and ∆g ∼ 1.2 [41] . This distribution of the g-values has immediate ramifications for low-energy excitations, as we show below. Eventually, intersite magnetic couplings should be random too [45] , although in a much more complicated manner.
Prior to discussing the low-energy excitations, let us note that the broadening of CEF excitations is not uncommon for rare-earth compounds [46] [47] [48] . This effect is usually ascribed to antisite defects, as in the "stuffed" quantum spin ice, Yb 2 Ti 2−x Yb x O 7−x/2 with x ∼ 0.01 − 0.02 [45, 49, 50] . On the other hand, site mixing beyond the rare-earth site, as in Tb 2 Sn 2−x Ti x O 7 , is believed to merge the CEF excitations into a broad continuum [51] . Interestingly, YbMgGaO 4 with its complete Mg/Ga disorder and without any detectable Yb antisite defects retains well-defined CEF excitations, albeit with a peculiar energy profile that can be reproduced, perhaps for the first time, by considering local atomic relaxation depending on the distribution of Mg and Ga around Yb 3+ . Spin-wave continuum.-Under the field of 8.5 T applied along the c-axis, the spin system is fully polarized according to the static magnetization measurement at 1. 9 K [41] . Therefore, at 8.5 T and 0.1 K the fully polarized (ferromagnetic) state should give rise to narrow spin-wave excitations having the width of about 0.16 meV according to the instrumental resolution of LET. In contrast, the measured INS signals are still broadly distributed in the energy space with a width of more than 0.5 meV (see Fig. 4 (a) ). This width is obviously larger than the instrumental resolution [40] and than the width of spin-wave excitations in single crystals of a similar Yb 3+ material, Yb 2 Ti 2 O 7 [17] . Similarly broad excitations were observed in the recent INS measurement performed in the applied field of 7.8 T at 0.06 K [38] . Our magnetization data [41] confirm that at 8.5 T the Yb 3+ spins are fully polarized along the c-axis. Nevertheless, the excitations remain very broad. Thus, the natural explanation to this observed spin-wave continuum is the aforementioned randomness of the effective spin-1/2 g-factors and (or) couplings, since linear spin-wave theory should be applicable to YbMgGaO 4 We model the spin-wave excitations in the ab-plane under the high applied field along the c-axis using the expression [52] 
where F (| Q |) is the magnetic form factor of Yb 3+ and S αα (Q, E) (α = x, y or z) is the dynamic spin structure factor calculated by the Spinw-Matlab code based on the linear spin-wave theory [53] and coupling parameters reported earlier [32] . By considering the maximum broadening of g , ∆g = 1.2, and the instrumental Gaussian broadening, σ = 0.16 meV, we are able to reproduce the broadening of about 0.7 meV at the zone center. However, the signal is even broader at the zone boundary. While the on-site randomness is clearly very important for the low-energy physics, a distribution of magnetic couplings is relevant too and requires further investigation.
Conclusions.-The CEF excitations of Yb 3+ in the triangular QSL YbMgGaO 4 have been studied by moderatehigh-energy INS measurements. Large broadening and peculiar energy profile of the CEF excitations is observed and ascribed to the structural randomness, namely, the random distribution of Mg and Ga that affects local coordination of the Yb 3+ ions. We propose that this inherent structural disorder results in the distribution of the effective spin-1/2 g-factors that is responsible for the persistent broadening of low-energy magnetic excitations in the fully polarized ferromagnetic state, although the distribution of magnetic couplings seems to be relevant too. Our results put forward structural randomness as an important ingredient in the spin-liquid physics, an observation that goes hand in hand with the recent report on the suppression of thermal conductivity at low temperatures [54] . In 4f -based materials, the randomness of CEF levels can be easily introduced without generating strong structural disorder, thus opening interesting prospects for the design of new spin-liquid materials [55] .
Note added.
-After the submission of our paper, the results of Ref. 38 were updated as it progressed from a preprint to a published article incorporating high-energy INS data that are largely consistent with our results. 13. Magnetic field dependence of the susceptibility (dM/dH) measured at 1.9 K along the c-axis.
1. GENERAL TECHNIQUES
Moderate-high-energy Merlin INS experiments
The MERLIN measurements between 5 and 300 K were performed on both YbMgGaO 4 and LuMgGaO 4 samples with the incident beam energies E i = 92.5, 153.5, and 307 meV. At E i = 92.5 meV, the instrumental resolutions (full width at half maximum, FWHM) are 2.9 and 2.3 meV at the transfer-energies of 39 and 61 meV, respectively, whereas at E i = 153.5 meV, the resolutions are 6.7, 5.6, and 4.3 meV at 39, 61, and 97 meV, respectively [39] . And at E i = 307 meV the instrumental resolution is 22.5 meV at ω ∼ 0 meV. Phase purity of both samples was confirmed by X-ray diffraction prior to the MERLIN INS measurements (see Fig. 5 ). All MERLIN data were processed and cut using the Mslice-Matlab code.
Low-energy LET INS experiments
Incident energies of 26.8 and 5.5 meV were chosen for both elastic and inelastic scattering with the energy resolution of 1.4 and 0.16 meV, respectively [40] . The as-grown rod (∼ 50 g) was cut into slices along the ab-plane. Ten bestquality ab-slices of the single-crystal (total mass ∼ 10 g) were selected for the neutron scattering experiment on LET by Laue X-ray diffraction on all surfaces. The slices were fixed to the copper base by CYTOP glue to avoid any shift in applied magnetic fields up to 8.5 T. The sample temperature of 0.1 K was achieved using a dilution refrigerator. The elastic neutron diffraction (see Fig. 14) showed that the alignment of the single crystals was sufficient for the INS study of the continuous excitations.
All INS data shown in the main text have been integrated over the momentum space, −0.9 ≤ η ≤ 0.9 in [0, 0, −η]. In Fig. 4 (a) of the main text, the INS data have been also integrated over −0.03 ≤ ξ ≤ 0.03 in [ξ/2, −ξ, 0]. In Fig.  4 (c) , (e) and (g) of the main text, the INS data have been integrated over small energy ranges, (c) 1.15 ≤ E ≤ 1.25 meV, (e) 1.65 ≤ E ≤ 1.75 meV and (g) 2.05 ≤ E ≤ 2.15 meV, respectively. All LET data were processed and cut using the Horace-Matlab on the ISIS computers.
Crystalline electric field (CEF) Hamiltonian and its relationship to observations
Under zero applied magnetic field, the generic CEF Hamiltonian that is invariant under the D 3d point group symmetry is given by [56] [57] [58] H 0 = B 
where B m n (n, m are integers and n ≥ m) are CEF parameters that will be determined experimentally, and the Stevens operators O m n are polynomial functions of the components of the total angular momentum operator J z , J + , and J − (J ± = J x ± iJ y ). For the moderate-high-energy INS measurements (> 10 meV), it is sufficient to consider only the single-ion CEF Hamiltonian [Eq. (4)] and neglect the couplings between the Yb 3+ ions (J 0 ∼ 0.13 meV) [32] . Under the eight-dimensional representation space |J = 7/2, m J (m J = ±1/2, ±3/2, ±5/2 and ±7/2), we diagonalize the single-ion CEF Hamiltonian and obtain four ascending energy levels, ω k (k = 0, 1, 2 and 3). Each energy level is two-fold-degenerate with the eigenfunctions (Kramers doublet)
where
In a paramagnetic system (single-ion approximation), the differential neutron cross section of the powder sample for the CEF Kramers doublet transition |ω k1 → |ω k2 is given in the dipole approximation by [47, [56] [57] [58] [59] [60] [61] :
) is the magnetic form factor in the dipole approximation, and
2 is proportional to the total transition probability. At 5 K, only three CEF excitations from the ground Kramers doublet are taken into account, and the CEF transitions from the excited doublets are ignored.
At low temperatures (T (ω 1 − ω 0 )/k B ), the effective spin-1/2 g-factors for the ground-state Kramers doublet (|ω 0,± ) are given by:
for the field perpendicular and parallel to the c-axis, respectively
CEF fits
All CEF simulations and combined fits to the experimental data (excitation energies, relative INS intensities, and effective spin-1/2 g-factors) were performed using Matlab programs. Our Matlab code for the CEF calculations (excitation energies and relative INS intensities) is fully compatible with the widely used code Mantid (3.7.1).
1.5 Calculation of the CEF parameters using the point-charge model CEF parameters can be calculated for a given crystal structure within the point-charge approximation using the expression [62] 
where Z i is the net charge (unit: e) of the lattice ion i with the spherical coordinates (R i
(n ≥ 2), ions beyond nearest neighbors can be neglected. On the other hand, the point-charge calculation does not take into account effects of exchange fields and may not deliver exact values of B m n . Here, we used the point-charge calculations to obtain the distribution of individual CEF parameters for different scenarios of structural disorder, and eventually re-scaled average values of these distributions to the experimental (fit #1) CEF parameters listed in Table I . 
XRD PATTERNS FOR YBMGGAO4 AND LUMGGAO4 POWDERS USED IN THE MERLIN INS EXPERIMENTS

SHAPE OF THE 97 MEV CEF EXCITATION
The zoom-in view of the 97 meV CEF excitation is shown in Fig. 2 (d) of the main text. It has a local maximum of the intensity around 97 meV, and the one-peak fit to this CEF excitation gives an averaged peak center at 96.6(2) meV (see fit #1). However, the energy profile of this excitation is strongly asymmetric, with a clear shoulder at ∼ 87 meV.
The momentum transfer (|Q|) dependence of the integrated INS intensities at ∼ 87 meV and ∼ 97 meV are shown in Fig. 7 . Both intensities follow the magnetic form factor of the free Yb 3+ very well (see Fig. 7 ), suggesting the same CEF origin of these spectral features.
The INS intensity of the shoulder at ∼ 87 meV is about 40% of that around 97 meV (see Fig. 7 ). Neither Yb 3+ -related impurities (such as Yb 3 Ga 5 O 12 and Yb 2 O 3 , < 5%) nor defects (such as the site mixing between Yb 3+ and Mg 2+ /Ga 3+ , < 0.04%) can account for this shoulder at ∼ 87 meV. Thus, the ∼ 87 meV shoulder is intrinsic and reflects a peculiar distribution of the CEF parameters in YbMgGaO 4 . 
ENERGY DEPENDENCE OF THE CEF EXCITATIONS MEASURED FOR YBMGGAO4 FROM 5 TO 300 K
No systematic anharmonic effect is observed excluding phonon origin of the excitations at ω = 39, 61, and 97 meV (see Fig. 8 ) [42] . Fit #1 : |ω0,± = ±0.71| ± 7/2 ∓ 0.36| ∓ 5/2 + 0.60| ± 1/2 |ω1,± = 0.97| ± 3/2 ± 0.24| ∓ 3/2 |ω2,± = ∓0.21| ± 7/2 + 0.02| ∓ 7/2 + 0.07| ± 5/2 ∓ 0.92| ∓ 5/2 − 0.31| ± 1/2 ∓ 0.02| ∓ 1/2 |ω3,± = 0.67| ± 7/2 + 0.09| ∓ 5/2 ∓ 0.74| ± 1/2 Fit #2 :
COMBINED CEF FIT RESULTS FOR YBMGGAO4
|ω0,± = ±0.71| ± 7/2 ∓ 0.35| ∓ 5/2 + 0.61| ± 1/2 |ω1,± = | ± 3/2 |ω2,± = ∓0.25| ± 7/2 − 0.02| ∓ 7/2 − 0.09| ± 5/2 ∓ 0.93| ∓ 5/2 − 0.25| ± 1/2 ± 0.02| ∓ 1/2 |ω3,± = 0.66| ± 7/2 + 0.03| ∓ 5/2 ∓ 0.75| ± 1/2 Fit #3 : |ω0,± = ±0.70| ± 7/2 ∓ 0.35| ∓ 5/2 + 0.62| ± 1/2 |ω1,± = 0.71| ± 3/2 ∓ 0.71| ∓ 3/2 |ω2,± = ∓0.29| ± 7/2 + 0.03| ∓ 7/2 + 0.11| ± 5/2 ∓ 0.93| ∓ 5/2 − 0.21| ± 1/2 ∓ 0.02| ∓ 1/2 |ω3,± = 0.66| ± 7/2 − 0.03| ∓ 5/2 ∓ 0.75| ± 1/2 Fit #4 : |ω0,± = ±0.66| ± 7/2 + 0.08| ∓ 7/2 − 0.02| ± 5/2 ∓ 0.14| ∓ 5/2 + 0.73| ± 1/2 ∓ 0.09| ∓ 1/2 |ω1,± = | ± 3/2 |ω2,± = ∓0.15| ± 7/2 − 0.03| ± 5/2 ∓ 0.99| ∓ 5/2 − 0.05| ± 1/2 |ω3,± = 0.73| ± 7/2 − 0.08| ∓ 5/2 ∓ 0.68| ± 1/2
CRYSTAL STRUCTURE OF YBMGGAO4 AT 100 K DETERMINED FROM SINGLE-CRYSTAL XRD DATA
In Table III , we provide average crystal structure of YbMgGaO 4 determined from single-crystal XRD data at 100 K (the data are from the Ref. [32] ). When Yb 3+ is placed into its ideal position at (0, 0, 0), the displacement parameter U 33 is nearly twice larger than U 11 = U 22 . This reflects static disorder of Yb 3+ along the c-axis [44] , because the large U 33 of 0.0240Å 2 persists even at 100 K, where dynamic effects, such as phonons, should be minor. Mg 2+ and Ga 3+ are intermixed. On the other hand, no evidence for Yb antisite defects (for example, Yb atoms occupying the Mg/Ga position) is found.
TABLE III: Crystal structure of YbMgGaO4 at 100 K determined from single-crystal XRD data (a = 3.4061Å and c = 25.1297Å). In contrast to Ref. [32] , we considered the fully position ordered model with the Yb atoms at (0,0,0), resulting in the elongated thermal ellipsoid for Yb. Alternatively, this elongation can be described by the split position of Yb, thus producing the disordered structural model reported in Ref. [32] . However, our current analysis invalidates such a model, because the Yb atoms are not simply split into two positions, as the model would suggest, and rather show a continuous spread along the c-axis, following the disordered arrangement of Mg and Ga in the structure. 
LOCAL STRUCTURAL CONFIGURATIONS OF YB 3+ OBTAINED FROM DENSITY-FUNCTIONAL BAND-STRUCTURE CALCULATIONS
In order to go beyond the average structure from single-crystal XRD, we constructed several ordered Mg/Ga configurations and optimized their geometry using density-functional (DFT) band-structure calculations. All calculations were performed in the VASP code [64, 65] with the Perdew-Burke-Ernzerhof (PBE) flavor of the exchange-correlation potential [66] and the default Yb pseudopotential, where 4f states were placed into the core. The 4 × 4 × 4 k-mesh was used, and residual forces were below 0.005 eV/Å in fully optimized structures. Lattice parameters were fixed to their experimental values.
The local configurations considered in our analysis are periodic and charge-neutral. Additionally, we restricted ourselves to those configurations that preserve the 3-fold symmetry of the Yb 3+ site. While many other configurations violating this symmetry can be constructed, the 3-fold-symmetric configurations keep the problem tractable and are in fact sufficient to reproduce effects of CEF randomness in YbMgGaO 4 . We considered four different Mg/Ga distributions within the trigonal unit cell of YbMgGaO 4 (Fig. 9) . These four structures contain all 7 possible environments of Yb, where we define the environment with respect to the Mg/Ga distribution in the two neighboring slabs. This way, 7 A-B-Yb-C-D configurations, where each of the ABCD is either Mg or Ga, are obtained (Table IV) . The restriction to only two neighboring slabs is well justified. For example, the MgMgYbGaGa configuration is independently probed in the structures shown in panels (b) and (d) of Fig. 9 resulting in less than 0.5 % deviation for the ensuing geometry of the YbO 6 octahedron.
We find that the exact position of Yb as well as its oxygen coordination are strongly affected by the Mg/Ga distribution. The local configurations MgGaYbGaMg and GaMgYbMgGa retain inversion symmetry at the Yb site and keep the YbO 6 octahedron undistorted. Any other configuration entails electrostatic field that pushes Yb atoms out of their ideal (0, 0, 0) position. This effect is also detected experimentally by the largely elongated thermal ellipsoid in the averaged crystal structure of YbMgGaO 4 (Table III) . Consequently, the YbO 6 octahedra are distorted, as shown in Table IV . Table IV ), (b) YbGaMgYbMgMgYbGaGaYb is used to extract the local structures of the YbO6 octahedra 3, 4 and 7 (see Table IV ), (c) YbMgGaYbGaMgYbMgGaYb is used to extract the local structures of the YbO6 octahedra 1 and 2 (see Table IV ), and (d) YbMgGaYbMgMgYbGaGaYb is used to extract the local structures of the YbO6 octahedra 5, 6 and 7 (see Table IV ). In Table V , we list CEF parameters calculated using the point-charge model for 7 flavors of the YbO 6 octahedra listed in Table IV . Relative distributions listed in Table V are then applied to obtain the CEF spectra by setting B m n = B m n (fit #1) (see Table I for each B m n (fit #1)). Each type of the YbO 6 octahedron produces its three CEF excitations at slightly different energies (Fig. 10) . The cumulative effect of this distribution is the symmetric broadening of the two lower CEF excitations and the complex profile of the third (highest-energy) CEF excitation, where the configurations 4 and 6 are responsible for the shoulder on the low-energy side (around 87 meV), whereas the configuration 5 would produce the shoulder on the high-energy side (around 105 meV).
The resulting energy profile is remarkably similar to our experimental observations, as further demonstrated by the 2D plot in Fig. 3 (d) in the main text. We note, however, that the much weaker (about a half of the intensity of the ∼ 87 meV shoulder) high-energy shoulder around 105 meV was not observed at its expected position. On the other hand, we do observe a weak excitation at a higher energy of 139 meV (see below), which may be related to the high-energy shoulder. Table IV. YbO6 octahedra Probability n = 2; m = 0 n = 4; m = 0 n = 4; m = 3 n = 6; m = 0 n = 6; m = 3 n = 6; m = 6 1 1/7 Table V ). The black curve shows the cumulative energy profile of the CEF excitations. The resulting effective spin-1/2 g-factors for each local configuration are shown. The variable distortions of the YbO6 octahedra introduce the overall distribution of the g-values by ∆g ∼ 1.2 and ∆g ⊥ ∼ 0.3.
Calculated CEF randomness caused solely by the site-mixing between Mg
2+ and Ga
3+
We have also used the point-charge model to calculate the CEF parameters for different Mg/Ga distributions, while keeping all atoms in their ideal positions (see Table III ), i.e., neglecting effects of local structural relaxation. The distribution of the CEF parameters (see Table VI ) appears to be minor compared to Table V discussed above. This minor distribution broadens the CEF excitations by ∆( ω 1 ) = 0.27 meV, ∆( ω 2 ) = 0.26 meV and ∆( ω 3 ) = 0.39 meV, which is much smaller than the broadenings of several meV observed experimentally. Therefore, the distribution of Mg/Ga does not explain the CEF randomness, and effects of local structural relaxation are crucial. Table III ).
Mg/Ga configurations Probability n = 2; m = 0 n = 4; m = 0 n = 4; m = 3 n = 6; m = 0 n = 6; m = 3 n = 6; m = 6 6Mg 1/64 The incident energy of E i = 307 meV gives access to a much broader energy range and reveals a weak excitation around 139 meV (see Fig. 11 ). After the subtraction by the corresponding INS signal of LuMgGaO 4 , this ∼ 139 meV mode becomes more clear, and its position is fitted to be 138.7(3) meV (see Fig. 12 ). Three main CEF excitations are confirmed, although they show significant broadening due to the poor instrumental resolution at E i = 307 meV (σ ∼ 22.5 meV at ω ∼ 0 meV) (see Fig. 12 (b) ). The intensity of the 138.7(3) meV mode is fitted to be I 139meV /I 3 = 0.21(1) (see Fig. 13 ), which is much smaller than that of the ∼ 87 meV shoulder, I 87meV /I 3 = 0.40(2) (see Fig. 7 ). Therefore, I 139meV /I 87meV ∼ 0.5.
|Q|-dependence of the intensity of the 139 meV mode confirms its CEF nature, although a sizable background of unknown origin can be seen from the non-zero value of b in Fig. 13 . We assumed that this mode may be a trace of the third CEF excitations and used it for the CEF fit #4, where the energy of the third excitation was set to 139 meV (see Tables I and II) . Owing to its low intensity, this mode may be the third CEF excitation for a small fraction of the Yb 3+ ions only (up to 20 %). Its intensity of one half of the 87 meV shoulder corresponds in fact to the 105 meV high-energy shoulder in our calculated spectra on Fig. 10 . An alternative and perhaps even more plausible explanation for the 139 meV mode would be a multiple scattering CEF excitation, such as ω 1 + ω 3 = 136 meV and 2 ω 1 + ω 2 = 139 meV, because neutron can experience several scattering events before leaving the sample [47] .
We also note that our sequence of CEF excitations, including the weak 139 meV mode, is well in line with the recent report by Paddison et al. [38] . 
